The time course and spatial distribution of wound-induced activities of phenylalanine ammonia-lyase and peroxidase were determined to establish correlations between molecular and cellular aspects of the wound-induced pattern of cell differentiation in potato (Solanum tuberosum L.) tissue. A high correlation between peroxidase activity and suberization was observed. Peroxidase activity increased for several days after wounding. Peroxidase content of suberizing cells was more than 10 times higher than that of the immediately adjacent dividing cells. Suberizing and dividing cells contained different isoperoxidases. Neither time course nor spatial distribution of the wound-induced activity of phenylalanine ammonia-lyase was directly correlated with the wound-induced pattern of cell differentiation.
Cell differentiation, the differential acquisition of specific properties by cells of a previously homogeneous cell population, comprises temporal and spatial components. The characteristic time course, in which cell-specific molecular and structural components appear during cell differentiation, as well as its possible controls, are currently the object of intensive studies in many animal and plant systems. Except for theoretical considerations (e.g. 1, 7) , little practical attention appears to have been paid to the analysis of the fact that during the formation of a pattern of cell differentiation, neighboring cells may acquire profoundly different biochemical capacities.
Wounding the storage tissue of a potato tuber activates a variety of metabolic processes (11) as well as a characteristic spatial pattern of cell differentiation which leads, within a few days after wounding, to the complete healing of the wound (5) . Suberin, a co-polymer of fatty acid alcohols and phenylpropanoids (12) , is deposited on the cell walls of the living cells adjacent to the wound surface, and cell division, accompanied by degradation of storage starch granules, occurs in one or two subperipheral cell layers ( Fig. 1 ). To gain an understanding of the molecular controls involved in the establishment of this pattern of cell differentiation, the biochemical events which precede and accompany cell differentiation, that is, the correlations between the molecular and cellular aspects of cell differentiation, must be identified. If a biochemical process is postulated to be specifically related to a certain type of cell differentiation, the following minimum requirements should be met: (a) it should occur exclusively in those cells undergoing cell differentiation; (b) To analyze enzyme activities in different tissue layers, potatoes were cut with a knife into 1.5-cm slices, the surfaces of which were then smoothed with a Berkel meat slicer model 807. Slices were rinsed well in deionized H20 and stored in moist chambers at 25 C. At the desired time after wounding, tissue samples comprising different cell layers were obtained in several ways. During the first 3 days after wounding, three consecutive 0.5-mm slices containing about four cell layers (Fig. IA) were cut with the meat slicer from each surface of the thick slices. From about 4 days after wounding, the suberized surface layer of the slices could be removed with a spatula. It was rinsed immediately in water, and the next 0.5-mm layer was then cut with the meat slicer (Fig. IB) . Alternatively, suberin was removed from both surfaces of 1.5-to 2-mm potato slices (Fig. IC) Tissue was homogenized in 10 times its fresh weight of ice-cold 0.02 M borate buffer (pH 8.8) containing 5 mm bisulfite and filtered into a chilled aspiration flask. One aliquot of the filtrate was diluted with the same amount of 0.02 M borate buffer containing 25 mm mercaptoethanol and used immediately for the determination of PAL according to the method of Zucker (22) . A second aliquot was diluted with the same amount of 0.1 M Naacetate (pH 5.4) and frozen for later use in the determination of PER activity. The assay mixture contained 1 ml of 0.1 M acetate buffer (pH 5.4), 1 ml of 50 mm guaiacol, 1 ml of 30 mm H202, and 0.5 ml of enzyme solution. The enzyme extract was diluted to produce a change in O.D. of 0.5 to 0.8 in 4 min at 460 nm. A third aliquot was diluted with extraction buffer, frozen, and used for the determination of protein content by the method of Lowry et al. (14) . To avoid interference of phenolics with the assay, proteins to be assayed were precipitated with 10% trichloroacetic acid, centrifuged, and redissolved in 1 N NaOH. As no significant differences in protein content between different tissue layers were observed, enzyme activities are expressed on a fresh weight base.
As protein content was usually 10 to 12 mg/g fresh weight, enzyme activities can be converted to specific activity by dividing by 11.
Isoperoxidases (IPER) were separated electrophoretically in a polyacrylamide slab gel which permits the simultaneous separation of anodic (acidic) and cathodic (basic) IPER (4) different times after wounding, acrylamide gels were scanned with an EC91O densitometer at 500 nm, and integrator values for each absorption peak or group of peaks were reduced by integrator values for a corresponding section of nonstained gel.
RESULTS As a first step in examining the relationship between woundinduced formation of PAL or PER and cell differentiation, the temporal and spatial pattern of both processes must be compared.
Ideally, the time course of enzyme activity should be determined in each cell layer below the wound surface. As there are no suitable methods to measure the activities of PAL and PER histochemically, and mechanical separation of individual cell layers is impossible during the first days after wounding, the following methods were used: a. By means of a meat slicer, three 0.5-mm slices were cut from the surface of a wounded potato tuber. As the diameter of storage parenchyma cells is about 150 um, these slices are about four cell layers thick, which means that the top slice contains both the suberizing and the dividing cell layers, and a distinction between enzyme activities in different cell types is not possible (Fig. IA). b. Three to 4 days after wounding, the suberized cell layer can be mechanically separated from the remaining tissue, because suberization fuses the surface layer of cells into a coherent, mechanically resistant skin, and cell walls of the underlying newly divided cells are weak. By removing suberin from the surface of a thick slice (Fig. 1B) or from the two surfaces of a 1.5-mm slice (Fig. IC) (2) . Separation of IPER by acrylamide electrophoresis and subsequent quantification by densitometry permit the determination of the time course and distribution of relative IPER activity in the wound-induced differentiation pattern and can be related to the time course of total PER activity.
The time course of PAL in wounded potato tuber tissue shows the characteristic pattern described earlier (21) for potato discs aged in a shallow layer of buffer solution, namely a rapid rise in enzyme activity followed by an equally rapid drop (Fig. 2) . However, probably due to our use of thick slices incubated in air, enzyme activity peaks as early as 12 hr after cutting, as compared to 24 hr in Zucker's experiments, and peak activities in the top tissue layer were consistently many times higher than those found by Zucker in thin discs aged in solution (9-22 versus 2-4 ,Amol cinnamic acid/g fresh weight), demonstrated a striking effect of variation in experimental conditions. The rapid increase in PAL activity occurs in all three slices below the wound surface, although Y s; _ ORIGIN with gradually declining intensity. Two days after wounding, PAL activity in the second and third layers has declined to very low activities (Fig. 2) , and 5 days after wounding, activity in the inner cell layers is at most ¼/o of that in the suberizing cells of a tissue slice.
In contrast to PAL, the activity of PER in wounded tissue continues to increase for several days (Figs. 3 and 5) . Most of the activity is concentrated in the four top cell layers (Fig. 3) , and 4 days after wounding the PER activity of the suberizing layer is always 8 to 10 times higher than that of the underlying, nonsuberizing tissue. It has been shown earlier (2) that of the various wound-induced IPER the most cathodic bands (IPER C6/8) are found only in the dividing cells, whereas all others are confined to the suberin layer. While total PER activity increases for 4 or 5 days, the relative contribution of individual groups of IPER changes (Figs. 4 and 5) . The increase in IPER C6/8 levels off after 3 days, and its relative contribution to total PER activity declines.
Inversely, IPERs, located in the suberin layer are responsible for the over-all increase in activity and thus contribute an increasingly larger fraction of total activity. The relative composition of IPERs in the suberin layer changes, as groups A2/4, C4/5, and C2/3 appear at successive days.
The data represented in Figure 5 were obtained with 1.5-mm slices of potato tissue, containing approximately 10 cell layers. Assuming that there are two layers of suberizing cells and eight layers of dividing and nondividing cells, the relative PER activity can be calculated for the different cell layers as follows from the data in The data are calculated from Figure 5 as described in the text. Units are relative densitometer readings. 
DISCUSSION
There can be no doubt that the wound-induced activation of phenylpropanoid biosynthesis, including the biosynthesis of PAL, is a necessary prerequisite for the observed biosynthesis of chlorogenic acid (21) and the phenolic components of suberin (lignaceous materials) in wounded potato tissue. Figure 2 shows clearly that for several reasons wound-induced PAL activity is unlikely to be a specific control or cause of the establishment of the characteristic pattern of wound-induced cell differentiation. The initial increase in PAL activity extends rather deep into the tissue and far beyond the layers undergoing cell differentiation, i.e. correlation between the distribution of PAL activity and cell differentiation is poor. The wound-induced synthesis of chlorogenic acid, other phenolic compounds, and suberin continues well beyond the period of highest PAL activity, i.e. these processes can proceed in the presence of relatively low activity.
Because of the frequently observed correlation between changes in the activity of PAL and in the rate ofaccumulation of flavonoids and other phenolics, PAL has been widely believed to control the biosynthesis of phenylpropanoids (6) . Apart from the lack of correlation between cell differentiation and PAL activity described above, there are a number of studies in which no direct correlation between the level of PAL and the production of phenolic compounds in certain tissues was found (6, 16) . In most studies the reported catalytic potential of PAL is much greater than required to synthesize the amount of phenylpropanoids accumulating in the tissue, which led to the conclusion that the synthesis of phenolics is usually not controlled by PAL, but by the amount of substrate, phenylalanine, available to the enzyme (16) . This type of control fails to account for the cell-specific accumulation of certain phenylpropanoids during biochemical differentiation, which must be under the control of enzymes or substrates more specific for the biosynthetic pathways involved in the formation of cell-specific phenolics.
In contrast to the results obtained with PAL, correlations between the time course and spatial pattern of wound-induced PER and cell differentiation are excellent. (a) The specific occurrence of IPER C6/8 in dividing cells, and of all others in suberizing cells, as described earlier (2) The reported experiments thus satisfy three of the four conditions postulated in the introductory remarks as necessary for establishing good correlations between biochemical and cell differentiation. The fourth condition, inhibition ofcell differentiation by a specific inhibitor of PER synthesis, cannot be tested at this time for lack of a suitable inhibitor.
As suberin contains a significant fraction of lignaceous materials, these observations are in agreement with the suggestion made by several authors, that peroxidases might be specifically involved in the oxidative polymerization of phenylpropanes into lignins (9, 13, 15) . Nevertheless, there remain the questions as to the possible role of IPER C6/8 in the cytoplasm and cell walls of nonsuberizing dividing cells, the differential function of at least six different IPER in suberizing cells, and the control of the initiation of biosynthesis of individual IPER at different times after wounding (Figs. 3 and 4) . We have observed (4) that a purified extract of IPER C6/8, the most basic IPER possessing an isoelectric point of more than pH 10.5, can be degraded in vitro to yield all other more acidic IPER found in extracts from suberizing cells, plus several others. A similar observation was made by Liu (13) with horseradish peroxidase. There is a possibility that IPER C6/8 may be the only IPER synthesized de novo after wounding, while all other IPER arise from C6/8 by posttranslational modification, possibly deamidation, in the suberizing cells. This suggestion agrees with our earlier observation that all IPER are charge isomers (unpublished data) and with literature reports indicating that all IPER are monomers and that genetic control of changes in IPER patterns related to tissue or organ development has been established only rarely (19) . Another case of posttranslational control of a biochemical process closely related to wound-induced cell differentiation may be that of starch degradation in dividing cells. Available experimental evidence strongly suggests that starch granules in potato are degraded by phosphorylase, an enzyme which is present in high concentration in resting as well as wounded potato tuber tissue. Selective starch degradation in dividing cells must be controlled by the elimination of a barrier between enzyme and substrate, and not by de novo synthesis of the degrading enzyme.
This study illustrates the need for caution in making assumptions about the control of wound-induced biochemical processes in potato tuber tissue and their possible correlations with cell differentiation. While increases in metabolic activities of wounded potato tissue have been considered to result from wound-induced gene derepression (10) , the above examples show that biochemical processes highly correlated with wound-induced cell differentiation may well be controlled at the posttranslational level. Direct correlations between biochemical processes and cell differentiation should be postulated only if there are significant, stepwise differences between the various cell types of the pattern of cell differentiation, as shown to exist for IPER, DNA synthesis, starch degradation, and suberization. Biochemical activities showing a gradual decline in activity from the surface toward the inner layers of the wounded tissue, like PAL, respiration, protein synthesis, and others (18, 20) , are unlikely to be specifically correlated with wound-induced cell differentiation.
